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Abstrakt: Techniky vizualizace prouděńı jsou v současnosti využ́ıvány pro výzkum
prouděńı kryogenńıho helia. Metody planárńı laserové anemometrie a sledováńı
stopovaćıch částic, jež se v minulosti ukázaly jako velice užitečné v mnoha vědeckých
a pr̊umyslových odvětv́ıch výzkumu, jsou použ́ıvány pro analýzu kryogenńıho
prouděńı. Společná laboratoř ńızkých teplot na Karlově univerzitě v Praze se sta-
la prvńı laboratoř́ı v Evropě schopnou aplikovat vizualizaci prouděńı pro výzkum
prouděńı kapalného helia. Technika vyžadovala optimalizaci kv̊uli počtu obt́ıž́ı,
např́ıklad optickému př́ıstupu do heliové lázně nebo výběru vhodných stopovaćıch
částic. Byla provedena řada experiment̊u ve vodě za pokojové teploty s ćılem
prokázat, že aparatura je vhodná pro hlavńı ćıl práce - ńızkoteplotńı experimen-
ty. Tyto experimenty byly zaměřeny na tepelně generovaný protiproud normálńı
a supratekuté složky He II. Jsou prezentovány a analyzovány jak experimenty
za pokojové teploty, tak za ńızkých teplot, a jsou srovnány s dobře známými
teoretickými výsledky.
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Introduction

Flow visualization is an important tool in fluid mechanics research and has
brought many benefits to several scientific and industrial areas of interest. It
is a powerful method for the investigation of laminar and turbulent flows and
it can provide a great help for better understanding of flows past submerged
obstacles or flows due to oscillating objects.

The techniques most commonly used to process flows’ images are Particle
Image Velocimetry (PIV) and Particle Tracking Velocimetry (PTV). Both are
based on the analysis of the motion of small tracer particles, which are suspended
in the fluid and employed to trace its motion.

PTV allows determining the full trajectory of the particles in a Lagrangian
sense. It uses a planar laser beam to illuminate the particles and thus two-
dimensional trajectories are obtained by processing the images taken by a camera
that is generally placed perpendicularly to the beam.

The fluid velocity in the chosen volume of the flow field can also be estimated
by PIV, with a different approach to process the images. Such a technique,
which requires a larger number of tracer particles, if compared to PTV, does
not calculate the tracers trajectories but instead gives an estimate of the flow
velocities in chosen flow locations, called interrogation areas.

However, such a promising experimental approach is still in its infancy in the
analysis of liquid helium flows and the ways to optimise it are yet to be fully
investigated. Moreover, the interesting and puzzling results recently obtained
in overseas laboratories [1, 2] are posing more questions than giving clear an-
swers and show consequently the need of more detailed experimental analyses by
flow visualization (which is being proven as a very valuable technique to study
cryogenic flows).

In order to fulfill such a need of novel experimental data, the first laboratory
in Europe for flow visualization at low temperatures has been established in
Prague. The flow visualization equipment consists of a purpose-made low-loss
optical cryostat and seeding system, power-tunable solid state laser, very fast
digital camera and relevant hardware and software to implement the PIV and
PTV techniques for cryogenic flows.

In order to prove that the experimental apparatus is well suited for the task
of studying cryogenic flows, room-temperature experiments in water were de-
vised and the well-known flows past a cylinder or due to oscillating cylinder were
studied.

The outcome was satisfactory and low-temperature experiments were designed
and performed. First experiments were focused on on the particles characteriza-
tion in thermal counterflow, which was obtained by a heater placed inside of the
cryostat. These experiments used both liquid helium and superfluid helium as
working fluids.

The results described in this thesis can be seen as a first step towards more
complicated investigations that are being planned for the future. Experiments on
flows around bodies oscillating in stationary fluid are for example being prepared.
Other planned experiments will use a bellows system, connected to a precise linear
motor, for generation of flows of various velocities around stationary bodies.
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1. Introduction to fluid
mechanics

The first chapter discusses the basic features necessary for sufficient understand-
ing of the experiments and results shown below. There is a brief description
of laminar and turbulent flow, equations of motion of both inviscid and viscous
fluid, elementary definitions for the flow past bluff bodies and the flow due to
oscillating objects.

A rigorous definition of laminar and turbulent flow does not exist but there
are several features that can be used to distinguish these two flow regimes.

Flows in parallel layers and non-crossing stream lines are typical signs of
laminar regime. Further, they are usually steady and irrotational and have high
momentum diffusion and low momentum convection.

On the other hand, turbulent flows are always rotational, streamlines are
crossing and the vortex structures are created in various shapes and occur at
many different length scales. There are sudden changes of flow velocities in time
and space.

1.1 Lagrangian specification of the flow field

Flow fields can be described in two ways called Lagrangian and Eulerian formal-
ism, see [3]. Methods used in this thesis are mostly based on the Lagrangian
formalism, hence this description will be defined here.

Figure 1.1: Lagrangian description of the flow field.

In a Lagrangian sense (Figure 1.1), a point of interest or a quantity under
examination has a predefined position x0 at the time t0. Its instantaneous position
is given by

x = x(x0, t) (1.1)

and its velocity is described by the total time derivative

v(x, t) =
Dx(x0, t)

Dt
= ∇x

Dx0

Dt
+
∂x

∂t
=
∂x

∂t
. (1.2)
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Figure 1.2: Potential flow past bluff body.

1.2 Ideal fluids

Fluids in which viscosity and thermal conductivity are insignificant are said to be
ideal. The derivation of the basic equations introduced below can be found in [4]
and [5]. Ideal fluids are considered as the simplest approximation of real fluids.
Before equations of motion for particular kinds of flows will be introduced, it is
appropriate to state the law of conservation of mass - equation of continuity

∂ρ

∂t
+∇ · (ρv) = 0, (1.3)

where ρ is the density and v is the velocity of the fluid at position x and time t.
In the case of incompressible fluid (ρ = const.) the equation (1.3) becomes

∇ · v = 0. (1.4)

As mentioned above, thermal conductivity is assumed negligible, that is the
motion of an ideal fluid is adiabatic. This can be written in the same fashion of
equation (1.3):

∂(ρs)

∂t
+∇ · (ρsv) = 0, (1.5)

where s is entropy and the product ρsv is the entropy flux density.
If the fluid experiences a force −∇p, where p is the fluid pressure, then the

equation of motion for the ideal fluid is given by Euler’s equation (momentum
equation)

∂v

∂t
+ (v · ∇)v = −1

ρ
∇p. (1.6)

1.3 Potential flow

Potential flow is an important approximation for some flows, e.g., for flow of the
superfluid component in He II, as discussed below.

Potential flow is irrotational as it is shown, for example, in Figure 1.2 and is
defined as the flow for which
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∇× v = 0 (1.7)

holds everywhere. The velocity can then be expressed as the gradient of a scalar
function Φ which is called velocity potential

v = ∇Φ. (1.8)

If the result is applied to incompressible fluids, equation (1.4) becomes

∆Φ = 0. (1.9)

This is the Laplace’s equation for the potential Φ. It can be solved with the
known boundary conditions. Once we have the potential, velocity and pressure
distribution for a flow past an obstacle can be obtained easily.

1.4 Viscous fluids

The Euler’s equation can be written in component form as (see [4]):

∂

∂
(ρvi) = −∂Πik

∂xk
, (1.10)

where Πik is the momentum flux density tensor. Πik in a viscous fluid can be
written as

Πik = −σik + ρvivk, (1.11)

where σik is the stress tensor defined as

σij = −pδij + σ
′

ij, (1.12)

where δij is the Kronecker delta and σ
′
ij is the viscous stress tensor given for a

Newtonian fluid as follows:

σ
′

ij = η

(
∂vi
∂xj

+
∂vj
∂xi

)
, (1.13)

where η is the dynamic viscosity of the fluid and it depends on the local properties
of the fluid. The dynamic viscosity is connected to the kinematic viscosity ν by
the ratio

ν =
η

ρ
. (1.14)

Since the viscosity usually does not change significantly in many fluids, see
[4], η and ν can be generally regarded as constants.

The equation of motion of a viscous fluid is called Navier-Stokes equation. If
the fluid is considered incompressible, Navier-Stokes equation reads

∂v

∂t
+ (v · ∇)v = −1

ρ
∇p+ ν∆v. (1.15)
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The first term on the left-hand side of the equation indicates the time depen-
dence of the flow field, the second one represents convection. The first term on
the right-hand side is the pressure gradient and the last one the viscous term.

The left-hand side of the Navier-Stokes equation is the total time derivative
of the velocity v:

Dv

Dt
=
∂v

∂t
+ (v · ∇)v. (1.16)

Solution for any incompressible fluid with the unknown variables v, p and
eventually entropy is hidden in Navier-Stokes equations (1.15), equation of con-
tinuity (1.3) and equation of conservation of energy (1.5). The problem remains
unsolved since the Navier-Stokes equation is a non-linear partial differential equa-
tion and the solution can be obtained in a very limited number of cases. In this
regard, flows are mainly solved by numerical means.

Another characteristics of both inviscid and viscous flows is vorticity that is
defined as

ω = ∇× v. (1.17)

As mentioned above, potential flow is always irrotational, hence ω = 0 there.

1.5 Flow past various objects

Laminar or turbulent steady flow of incompressible fluid can be characterized by
one dimensionless parameter, Reynolds number ([4], [5]), defined as

Re =
UR

ν
, (1.18)

where U is the velocity of the flow past the obstacle (or characteristic velocity
of the flow) and R is a characteristic dimension of the flow which can be, e.g.,
the maximum diameter of an interior boundary or, in a flow past a body, the
diameter of the body.

The flow changes from laminar to turbulent with increasing Reynolds number
as it is shown in Figure 1.3 ([6]). Flows with Re << 1 are laminar as no patterns
behind the cylinder are observed. As Re increases, first flow instabilities occur
and structures resembling vortices are formed (a) in the recirculation area. For
Reynolds number around 100, an interesting phenomenon appears - so-called
Karman vortex street when vortices form a periodic row as it can be seen in
(b). The next level is the disturbance of this formation, other eddies occur and
the flow tends to be more chaotic (c) which finally leads in the fully-developed
turbulence (d). Turbulent flow is visible just in some region behind the cylinder
but streamlines are parallel outside it. These two regions are divided by a surface
of separation. The region inside the surface of separation where the turbulence is
fully-developed is called wake. It can be defined by the outside region where the
vorticity is negligible ([7]).

Tracer particles which were mentioned in the introduction are regarded as
spheres, that is, understanding the problem of flow past a sphere is important.
In addition, this is one of the few cases possible to be solved analytically. An-
other one is the flow past cylinder which was one of the undertaken experiments.
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Figure 1.3: Flow pas circular cylinder for various values of Reynolds number
showing different patterns of flow behind the obstacle.

Further, the analytical solution is known for e.g. disc or a laminar boundary layer
along a thin flat plane (Blasius problem).

The force exerted on a body moving in a fluid depends on the Reynolds
number of the fluid or on the fact whereas the flow is laminar or turbulent.

For laminar flows the formula which shows the dependence of the drag force
F on the velocity of the flow u is

Fi = ηaikuk, (1.19)

where aik is a symmetric tensor of rank two, which depends on the shape of the
body and is independent of the velocity. The drag force for the laminar flow
depends on the viscosity, contrary to the turbulent flow where the viscosity is
unimportant as will be shown later. For a sphere the drag force has the form of
the well-known Stokes formula:

F = 6πηRu. (1.20)

This equation is valid only if the following condition is satisfied:

r <<
ν

u
, (1.21)

where ν kinematic viscosity of the fluid and r is the distance from the sphere.
For grater distances the equation (1.20) needs additional terms (Oseen equation)
and the corrected formula applies:
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F = 6πηuR(1 +
3uR

8ν
). (1.22)

The reason why this adjustment was necessary is as follows. The term (v·∇)v
can be removed from the Navier-Stokes equation for small Reynolds number for
steady incompressible flow because the ratio of the order of magnitude of this term
and the quantity ν∆v is the Reynolds number. This also requires the condition
(1.21) which is no longer satisfied for large distances and the term (v ·∇)v cannot
be neglected.

On the other hand, flows with high Reynolds numbers can be considered as
inviscid because the term ν∆v is very small compared with the other terms, hence
the drag force will be independent of viscosity and is given by

F =
1

2
CDρSU

2, (1.23)

where U is the velocity of the mainstream here, S is the projected area of the
structure on a plane normal to the bulk flow and CD is a drag coefficient which
depends only on the shape of the body. Its dependence on Re for various objects
is shown in Figure (1.4).

Figure 1.4: Plots of drag coefficient against Reynolds number for steady incom-
pressible flow past disc, cylinder and sphere. Dashed line shows Stokes law 1.20.

The plot for a disc shows that drag coefficient is very close to unity for high
Reynolds number. The dependence for a sphere at high Reynolds numbers is
shifted down with respect to the plots of a disc or cylinder. The reason is that
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the surface of separation is closer to its rear. The equations (1.23) and (1.20) are
comparable for low Reynolds number as it is visible from the overlap of the full
and the dashed line for a sphere in Figure (1.4).

There is a sudden shift in plots for a sphere and cylinder for Re ≈ 105 which
has the origin in a transition from laminar to turbulent flow when the wake is
narrower and the surface of separation is then moved towards the rear of the
body. This effect is called the drag crisis.

1.6 Oscillatory flow

The steady flow described in the previous section was characterized by one di-
mensionless parameter - Reynolds number. Here, two of such parameters will be
defined (see [6]). Let the obstacle oscillate with the frequency ω in a stationary
fluid which is analogous to the oscillatory flow past an obstacle. A second length
scale can be defined and is called the penetration depth:

δ =

√
2ν

ω
. (1.24)

The two dimensionless parameters are required, due to two length scales and
can be chosen in different ways. One often used pair consists of the Keulegan-
Carpenter number :

KC =
2πa

d
(1.25)

and the Stokes number :

β =
ωd2

2πν
, (1.26)

where a is the amplitude of oscillation and d is the characteristic linear size of
the obstacle. The product of these two numbers is the Reynolds number.

Figure (1.5) shows the dependence of the critical Keulegan-Carpenter number
on the Stokes number for a cylinder. The critical value of the Keulegan-Carpenter
number marks the moment when the instability in laminar flow occurs. According
to Hall [8], this value for the large Stokes number should behave as follows:

Kcrit
C = 5.778β−1/4 (β →∞) (1.27)

and this dependence was proved experimentally by Sarpkaya [9].
On the contrary to that, the low Stokes number limit leads to the following

relationship:

Kcrit
C = 10β−1 (β → 0). (1.28)

These two limits are shown in Figure (1.5).
The drag force can be calculated from the equation 1.19.
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Figure 1.5: The plot of the critical Keulegan-Carpenter number against the Stokes
number for a cylinder of circular cross-section.
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2. Superfluidity

The phenomenon of superfluidity is typically observed at low temperatures in
helium. Superfluid helium has some remarkable properties. It flows under certain
conditions without viscosity and has extremely high heat conductivity. The first
step that was necessary towards the discovery of superfluidity was liquefaction of
helium. This was done for the first time by Heike Kamerlingh Onnes in 1908 in
Leiden.

Helium has two stable isotopes: 4He and 3He. 3He is rarer than 4He. The
natural atmospheric abundance of 3He is just 0.000137% while 4He is 99.999863%
of atmospheric abundance. 3He for scientific use is obtained as a product of
tritium decay. 4He can be extracted by fractional distillation thanks to the high
concetration of this isotope in natural sources - deposits of natural gases.

These two isotopes differ just in number of neutrons - 4He has two neutrons
in its core and 3He has one neutron - but their low temperatures properties are
completely different, because both isotopes of liquid helium behave as quantum
systems. 4He is a boson because its core has zero spin and two electrons in s-shell
with opposite spins whereas 3He is a fermion, since it consists of odd number of
particles with 1/2 spin. The boiling point for 3He is 3.19 K compared to 4.215
for K4He. These values are the lowest boiling points of all known substances.

2.1 Cryogenic Helium

Although both 4He and 3He can be found in a superfluid state, only 4He will be
considered here because it is used as a working fluid for visualization experiments.
As it is seen from its phase diagram (Figure 2.1), [10], 4He does not have the
triple point where solid, liquid and gaseous phases are in equilibrium. Solid state
can only exist at high pressure above 25 bars and such solid is called quantum
crystal. Below 25 bars, helium stay liquid till the absolute zero. Liquid state is
divided from gaseous state by the saturated vapour curve. This curve ends in the
critical point which is defined for critical temperature Tcrit ∼= 5.2 K and critical
pressure pcrit ∼= 0.226 MPa. Above this point, the interface between liquid and
gas disappears. Liquid state is divided by the dotted line in the graph. This
line is called the lambda line and represents the phase transition from normal
liquid to superfluid phase, in other terms from He I to He II. This transition is
a second-order phase transition. The specific heat temperature dependence is
seen in Figure 2.2. The term lambda line is obvious from the plot where the
resemblance with the Greek letter lambda is clear. The superfluid transition
is easily observable in a glass cryostat during experiments. Helium boils and
evaporates from the whole volume and as it reaches the lambda point, the liquid
level becomes quiet and the helium evaporates only from its surface.

The comprehensive microscopic theory which would describe He II does not
yet exist. However, there are theories that are either incomplete or they represent
phenomenological descriptions. Two such theories are presented here: two-fluid
model and Bose-Einstein condensation occurring in an ideal Bose gas.
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Figure 2.1: Phase diagram of 4He.

Figure 2.2: Plots of the dependence of the specific heat on temperature for 4He
(solid line) and Bose gas (dashed line).
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2.2 Two-Fluid Model

The phenomenological two-fluid model was published by Landau [11] in 1941 and
than in 1947 [12] where he suggested the model in which He II can be described
as an intimate mixture of two inseparable components - normal component and
superfluid component. The first one of these behaves like a classical fluid and the
other one like a fluid without viscosity.

Figure 2.3: Dispersion spectrum in superfluid 4He for two different pressures.

Landau suggested that weakly excited states can be characterized by excita-
tions of quasi-particles - phonons and rotons.

Figure (2.3) represents the dispersion spectrum in He II. Long-wave phonons
in the linear part of the plot are analogous to phonons in solids but they are
just longitudinal contrary to solid’s phonons which are both longitudinal and
transversal. Rotons are elementary excitations of the same energy spectrum for
high wave vectors k. According to Landau’s superfluidity criterion, superfluidity
becomes destroyed as soon as the Landau critical velocity

vL =

[
ε(p)

p

]
min

, (2.1)

where ε(p) is the energy of the excitations and p their momentum, is exceeded.
The excitations are created and the temperature of He II increases. This means
that phonons can be excited for velocities higher than the speed of sound in the
fluid and rotons for velocities higher than (2∆/µ)1/2, where ∆ is an energy µ is
the effective roton mass. These velocities are high that is the reason why the
Landau’s superfluidity criterion was not proven experimentally till 1995 [13].

The two-fluid model assumes the existence of two densities, one for the normal
component and one for the superfluid component and their sum is the total
density of the fluid (Figure 2.4)

ρ = ρn + ρs. (2.2)
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Below the λ transition the ratio of the normal fluid density (ρn/ρ) decreases
while the ratio of the superfluid density (ρs/ρ) increases and for temperatures
below 1 K ρs/ρ ≈ 1. At T=0 K, the ratio of normal fluid density vanishes.

Analogous to two densities, there are two velocities: vn for the normal fluid
and vs for the superfluid. The momentum of the unit volume of He II is hence
given by

j = ρnvn + ρsvs. (2.3)

The formula (2.2) can be illustrated by Andronikashvili experiment [10]. Let
assume a system of discs hanging on a torsion suspension. The distance between
discs is smaller than the viscous penetration depth 1.24 so the viscous fluid moves
with the discs. The period of oscillation will be longer for the discs oscillating
in He II then the one in He I. He II behaves as the mixture of two independent
components. Below the lambda point, only the normal velocity component moves
with the discs. The ratio of the normal fluid density is smaller than the helium
density above the lambda point and it decreases rapidly with temperature.

Other two important experiments can be explained by two-fluid model - the
mechanocaloric effect (Figure 2.5 left) and the thermocaloric effect (or fountain
effect) (Figure 2.5 right).

The mechanocaloric effect is based on a pressure gradient in communicating
vessels. Two vessels are connected by a superleak which is a connection that let
through only the superfluid component, a pressure gradient is then generated and
is accompanied by a temperature gradient.

The thermocaloric effect is the inverse effect to the mechanocaloric effect.
A superleak, which can be made, e.g., from fine pressed powder embedded by
cotton, is located in a glass tube. One end of the tube is in superfluid helium and
the other one is outside the bath. If the temperature gradient is generated (for
example, the radiation), the pressure gradient caused by the temperature increase
forces the helium out of the tube whereby the fountain effect is observed.

2.3 Bose-Einstein Condensate

A complementary theory suggesting the description of the superfluidity is based
on the Bose-Einstein condensation. As it was mentioned before, 4He is a boson
which means it follows Bose-Einstein statistics. Number of particles occupying
certain energy state i is given by Bose-Einstein distribution as follows:

ni(εi, T ) =
gi

exp( εi−µ
kT

)− 1
, (2.4)

where gi is the degeneracy of state i, εi the energy of this state, µ the chemical
potential, kB the Boltzman constant and T the temperature.

If the term exp( εi−µ
kT

) is significantly grater then unity, i.e. temperature is
high, the Bose-Einstein statistics changes to the Boltzmann statistics.

Liquid 4He can be, at least approximately, described as ideal Bose gas, but
with serious limitations. One comparison have been already shown in Figure 2.2
where two plots of specific heat against temperature - one for liquid helium and
other for ideal Bose gas - are compared.
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Figure 2.4: Density of superfluid state as the sum of the normal fluid density ρn
and the superfluid density ρs.

Figure 2.5: Left: Mechanocaloric effect; right: thermocaloric effect.

15



In Bose gas, all particles condense to the state with the lowest energy for
zero temperature. Above certain temperature TB, almost all the particles are
in excited states [14]. Below this temperature, there are two possibilities: part
of the particles are in the excited states and part forms the condensate. The
condensate exists only in the momentum space.

The model of Bose-Einstein condensation gives for 4He the transition tem-
perature as TB = 3, 1K which is reasonably close to the lambda temperature
Tλ = 2, 17K, but the comparison of specific heat dependences is not so good.
The physical reason is that our model does not take into account interactions
between helium atoms, which are essential for the phenomenon of superfluidity.
On the other hand, it offers straightforward description of the mechanocaloric
and thermocaloric effect.

2.4 Quantum Description of He II and Quan-

tized Vorticity

He II is not a classical but a quantum fluid, therefore, classical approach is not
sufficient and quantum mechanics must be used to describe its physical properties.

Experiments with neutron diffraction confirmed the existence of Bose-Einstein
condensate in He II. On this account, a macroscopic wave function of the con-
densate can be introduced as

ψ(r, t) = ψ0(r, t)e
iφ(r,t), (2.5)

where φ(r, t) is the macroscopic phase and ψ0(r, t) is the amplitude that can be
related to the fluid density as

ψ2
0 =

ρs
m4

, (2.6)

where m4 is is the mass of a 4He atom and ρs → ρ at low temperatures. The
term 2.6 is the probability of finding a He atom in some volume.

Velocity of the superfluid component is given by

vs =
h̄

m4

∇φ. (2.7)

According to this equation, gradient of the macroscopic phase gives a magni-
tude and a direction of the superfluid velocity vector. From equation (2.7), the
vorticity ω can be calculated as

ω = ∇× vs = 0. (2.8)

Thus the flow of the superfluid component is irrotational or potential.
Without any changes in a macroscopic wave function, phase can change along

a closed contour by a multiple of 2π. This is the reason why the circulation Γ,
defined as

Γ =

∮
L

vs · dl =

∫
S

ωs · dS, (2.9)
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is quantized and this leads to the existence of quantized vortices. But how is this
possible since the vorticity is zero? Relation (2.8) is valid for a simply connected
area. For a multiply connected area the quantization of the circulation exists and
is given by

Γ = n
h̄

m4

= nκ, (2.10)

where n is an integer and κ = 9.997× 10−8 m2/s is the circulation quantum.
A multiply connected area can be developed spontaneously in He II. These

singularities create the cores of quantized vortices. The cores have the diameter
of about 1 Å. Quantized vortices can exist only in the form of closed loops inside
the liquid or they have to start on the He II surface or on the vessel wall. For
one quantized vortex we have

Γ =

∮
L

vs· = 2πrvs =
nh̄

m4

, (2.11)

where r is the radius of the circle, thus the superfluid velocity

vs =
nh̄

2πr
. (2.12)

Figure 2.6: Left: quantum vortex structure; right: dependence of density and
velocity on distance from the vortex core.

The vortex structure in Figure 2.6 has the dimension of the healing length,
on which the characteristic amplitude of the macroscopic wave function varies
significantly. The density of the superfluid component is zero on the vortex axis
and increases with the increasing distance from the axis. The superfluid velocity
component decreases with the increasing distance from the axis as seen in Figure
2.6 (right).

Since the energy of the quantized vortex is proportional to the square of
the number of quantization quanta n, the singly quantized vortex is the most
energetically favourable.

In quantum turbulence, vortex lines mentioned above arrange themselves in
a vortex tangle.

Two distinctly different ways of vortex nucleation can be defined [10].
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The first of them is extrinsic vortex nucleation. The vortices are created in
helium during the transition below the lambda point. These vortices should dis-
appear for, e.g., an ideal spherical vessel in an inertial system. Vessels containing
He II have generally rough surface so the vortices are extended between two walls
and they cannot be removed easily. These vortices are called remanent and they
serve as seeds for extrinsic generation of other vortices. Critical velocities for such
nucleation are small, i.e., within an order of magnitude of cm/s.

The intrinsic nucleation can be possible for He II without remanent vortices.
There are fluctuations because of the Heisenberg principle of uncertainty. The
fluctuations create vortices which disappear if the fluid is at rest. The intrinsic
nucleation of quantized vortices occurs for velocities ca. 10 m/s.

2.5 Equations of Motion for He II

Within the two-fluid model, the equation of continuity is given by

∂ρ

∂t
= −∇(ρsvs + ρnvn). (2.13)

The superfluid component has zero entropy thus it cannot carry heat and the
normal fluid component is responsible for heat transport. The conservation of
entropy becomes

∂ρS

∂t
= −∇(ρSvn). (2.14)

Hydrodynamical equations of motion for incompressible superfluid flow can
be written as follows:

ρs
∂vs
∂t

+ ρs(vs∇)vs = −ρs
ρ
∇p+ ρsS∇T +

ρnρs
2ρ
∇(vn − vs)

2 − Fns, (2.15)

ρn
∂vn
∂t

+ρn(vn∇)vn = −ρn
ρ
∇p−ρsS∇T−

ρnρs
2ρ
∇(vn−vs)

2+Fns+η∆vn, (2.16)

where Fns is the mutual friction force which couples the velocity fields of normal
and superfluid component in the presence of quantized vortices. Few simplifi-
cations can be done if the quantized vortices are not present and flow can be
thought of as isothermal, slow enough and without energy dissipation. Then
the equation (2.15) converts to Euler equation for superfluid component and the
equation (2.16) becomes the Navier-Stokes equation for normal component, i.e.
velocity fields of the normal component and the superfluid component will be
independent:

ρs
∂vs
∂t

+ ρs(vs∇)vs = −ρs
ρ
∇p, (2.17)

ρn
∂vn
∂t

+ ρn(vn∇)vn = −ρn
ρ
∇p+ η∆vn. (2.18)
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2.6 Thermal counterflow

One of the most frequently used flows for He II investigation is the thermal
counterflow. Thermal counterflow is well known and easily set experimentally.
This is the reason that this type of flow was chosen for our cryogenic visualization
experiment described in detail in Chapter 5.

The experiment is based on the fact that only the normal velocity component
is driven by a gradient in entropy and thus in temperature whereas the superfluid
velocity component flows in an opposite direction due to the conservation of mass
which has been discussed above.

Typically used experimental set-up consists of a channel closed on one end
placed in a helium bath. A thermal gradient is caused by a heat flux that can
be created by electrical current through a resistor placed at the closed end of
the channel. The normal velocity component as well as the superfluid velocity
component can be studied.

The driving force for this process is a gradient in entropy as was mentioned
above. The normal fluid velocity is given by the ratio of the heat flux q and the
product of the entropy, density and temperature per unit volume [4]:

vn =
q

ρST
. (2.19)

The opposing superfluid velocity amplitude results from the conservation of
mass: ρnvn +ρsvs=0. Thus the superfluid velocity component is given as follows:

vs = −ρn
ρs

vn. (2.20)

Upon exceeding a small critical velocity of counterflow, there is a vortex tangle
which is generated by the counterflow motion. It follows usually the superfluid ve-
locity component direction but it moves with a different velocity. There is mutual
friction between the normal component and the superfluid component that was
mentioned above. This mutual friction causes exchange of momentum between
the quantized vortices and the normal fluid. The normal velocity component can
influence the extension or shortening of the vortex line.

There exists a possibility to determine the amount of effective vorticity present
in the superfluid component based on the average vortex line length per unit vol-
ume that was proposed by Vinen [15, 16]. He also suggested a phenomenological
description for the evolution of the vortex line length density L in thermal coun-
terflow (Vinen’s equation):

∂L

∂t
= αξ1vnsL

3/2 − κ

2π
ξ2L

2 + g(vns), (2.21)

where the counterflow velocity vns = vn−vs, ξ1 and ξ2 are dimensionless param-
eters, α denotes the dissipative mutual friction parameter tabulated in [17]. The
unspecified function g(vn) was added to reflect the existence of critical velocity
vcritns .

The Vinen’s equation describes very well the steady state of thermal coun-
terflow. For vns >> vcritns one can neglet the term g(vn) and for ∂L

∂t
= 0 we

get
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L =

(
2πα

κ

ξ1
ξ2

vns

)2

. (2.22)

We see that L is proportional to the square of the counterflow velocity, thus
also to the square of the heat input q.
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3. Flow visualization methods

Flow visualization is a powerful tool of fluid dynamics that has been used for
many years (for more detailed history, see [18]). The first example might be the
drawing of streamlines by Leonardo da Vinci. More advanced methods using
cameras were employed in the 19th century when many scientists were interested
in aerodynamics and hydrodynamics. Some of them deserve to be named. Ernst
Mach studied shockwaves and his photography of a bow shockwave around a
supersonic bullet is still well known. Aerodynamics was an object of interest of
Ludwig Prandtl who is especially famous thanks to his wing theory. He was also
the first to use particles dispersed in fluid for fluid mechanics research.

The von Kármán vortex street shown in Figure 3.1 is an example of modern-
day flow visualization. The picture was taken by a satellite and the vortex street is
generated by the wind blowing over an island and visualized by naturally clouds.

Figure 3.1: Satellite photograph of Von Kármán vortex street near the Juan
Fernandez Islands.

Presently used flow visualization methods can be divided into three groups
[19]: (i) optical methods, e.g. shadowgraphy, schlieren photography, and in-
terferometry which uses the changes in the optical refractive index; (ii) surface
flow visualization which is used especially in aerodynamics; (iii) particle tracking
methods, which are discussed here.

The following part is focused on quantitative flow visualization techniques
such as Particle Image Velocimetry and Particle Tracking Velocimetry. The
breakthrough happened in the 1970’s with Laser speckle velocimetry followed by
Laser Doppler Velocimetry. The current technology enables precise visualization
of classical flows and can be used for investigation of cryogenic flows including
superflows.
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3.1 Particle Image Velocimetry

Particle image velocimetry is a technique that uses images of tracer particles for
determination of their velocity fields, a detailed description can be found in [20].
This technique has its starting point in the set of images of fluid flows where small
tracer particles are suspended and a source of light is used to visualize them. The
images are collected by a camera and processed. The images are separated by a
short time interval during which particles change their positions. The flow field
is described in a Lagrangian sense as it was mentioned in Chapter 1.

In reality, this process is more complicated. To obtain the best possible results,
a sophisticated process was developed. First of all, every single image of the
set is divided into smaller subimages called interrogation areas. This areas are
typically square regions. Let two neighbouring frames I1 and I2 be divided into
the interrogation areas I ij1 and I ij2 where ij indicates the particular subimage.
I ij1 and I ij2 have to be cross-correlated with each other. The cross-correlation
function Cij(∆x,∆z) [21], where ∆x is displacement in the x-direction and ∆z in
z-direction, gives the mean displacement of the particles positions between two
frames:

Cij(∆x,∆z) =

∫ ∫
I ij1 (x+ ∆x, z + ∆z)I ij2 dxdz. (3.1)

The product of the cross-correlation is a signal peak which is then sub-pixel
interpolated for an accurate result. The results of this processing are vector
velocity maps as it will be shown in Chapter 4.

3.2 Particle Tracking Velocimetry

Particle Tracking Velocimetry calculates the particle velocity as well as the pre-
vious method but in a different way. It records the whole track of particles, not
just separated images, in Lagrangian sense as it is shown in Figure 1.1.

To obtain reasonable results a sufficient number of particles has to be tracked
with distinctive traces trajectories. Further, the particles should appear as circles
in the images.

This means that the particle selection is very important. They should be
spherical, small enough, naturally buoyant because such particles behave more
like fluid particles and follow the flow properly. They should also be well light-
reflecting to be clearly visible for a camera.

3.3 Flow Visualization Using 4He at Low Tem-

peratures

Room-temperature methods are being used as a good instrument for flow visual-
ization at low temperatures as well. At the beginning, experiments were analyzed
by PIV. The first one, who found PTV helpful for He II flows, was Bewley[22].

Flow visualization using helium as a working fluid below the lambda transi-
tion reflects an interesting phenomenon that can be seen in the pictures. This
phenomenon is quantum turbulence and is represented by a tangle of quantized
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vortices. How can one visualize quantized vortices? Several papers have been
written on this topic, e.g. [2], [23] or [24]. Quantized vortices were visualized
with the help of helium ions for the first time [25].

Visualization is implemented by tracer particles [27]. Their selection is differ-
ent for helium than for classical fluid, since helium has seven times lower density
than water. Acceptable possibility is the mixture of hydrogen and deuterium in
the form of frozen micron-size spheres. The mixture is seeded into He I and after
that, helium is cooled down to its superfluid phase.

Quantized vortices can be visualized thanks to the fact that particles can be
trapped on vortex line. Particle-trapping mechanism was suggested by Parks and
Donnelly [26]. There are two forces acting on a particle in steady motion that set
the condition whether the particle is trapped or not. The first one is the Stokes
drag (1.20) and the second one is the attractive force between the vortex and the
particle. Superfluid motion around the vortex causes a gradient of the Bernoulli
pressure:

p = − ρsκ
2

8π2r2
, (3.2)

where r is the distance from the vortex core and κ is the quantum of circulation
as was discussed in Chapter 2. The attractive force Ftrap can be determined as
the integral of the Bernoulli pressure gradient over the volume:

Ftrap =
ρsκ

2

π
ln

(
R

2ξ

)
, (3.3)

where R is the particle diameter and ξ is the vortex core size.
Pictures of quantized vortices were published in [2] and this is shown in Figure

3.2.
Images of quantized vortices are not the only low-temperature visualization

experiments where the focus is directed. Many publications comparing the results
of classical flow experiments with superfluid experiments appeared, e.g., flow
around a cylinder which is shown in Figure 3.3 [1].
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Figure 3.2: Original photography of quantized vortices [2]. a: above the lambda
transition; b, c: quantized vortices in He II; d: visualization of the quantized
vortices grid in roteting He II.

Figure 3.3: Example of PIV results in He II. Streamlines for the particles motion
of a flow around cylinder in counterflow superfluid 4He (left) and the velocity
field for the same situation (right).
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4. Experimental Apparatus

This chapter discusses the apparatus used in classical room-temperature exper-
iments as well as that applied for low-temperature experiments. The whole ex-
perimental setup is shown in Figure 4.1. Furthermore, the software employed for
analyzing and processing the data is presented.

The major part of the experimental set up was purchased from Dantec Dy-
namics, i.e. camera, laser, software together with two different types of tracer
particles for flow visualization in water.

The custom-made optical cryostat was designed by Marco La Mantia, Miloš
Rotter and Ladislav Skrbek.

Figure 4.1: Experimental apparatus. The laser and the camera are focused on
a glass tank with water in which a cylinder connected to a computer-controlled
electric motor is placed (room-temperature experiment). The optical cryostat is
seen in the background.
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4.1 Camera

The high-speed camera Phantom v12.1 was used to collect the images from both
helium experiments at low-temperatures as well as water experiments at room-
temperatures. The camera is CMOS-based (the abbreviation holds for comple-
mentary metal–oxide–semiconductor) and enables to obtain 1 000 000 frames per
second at the lowest resolution of 128 x 8 pixels. At the full resolution of 1280 x
800 pixels (pixel size of 20 µm), the maximum frame rate is 6273 fps.

Figure 4.2: The high-speed camera Phantom v12.1.

4.2 Laser

The continuous solid state laser Ray Power 5000 illuminates particles to be visible
for the camera. The laser wavelength is 532 nm, i.e. green light, and its tunable
power is of the order 5 W. The diameter of the laser beam is of the order of 3 mm
and after transit through the lenses, it converts to a planar sheet with a width of
the order of 1 mm.

Figure 4.3: Laser Ray Power 5000.
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4.3 Apparatus Used For Classical Experiments

The water experiments have been performed in two suitably sized glass containers.
One of them, used to analyze jet flow and flow past a 5 mm diameter cylinder,
has height and width equal to cca. 20 cm, its length cca. 40 cm. It was filled
with water and the horizontal fluid jet, located approximately at the geometrical
center of the tank, was generated by a small pump. The cylinder was placed
perpendicular to the 12 mm diameter circular jet, at a suitable distance from
the pump and container walls. The other glass tank has the dimensions of the
inner volume of the optical tail of the helium cryostat, see Figure 4.4. A 5 mm
diameter cylinder was placed inside it, at a suitable distance from the walls, and
oscillated vertically by using a computer-controlled electric motor. The cylinder
mean vertical velocity v could be finely controlled in the range between 0 and 56
mm/s while the oscillation amplitude was fixed to 2 cm. Both the cylinder and
its link to the motor were supported on the same structure that holds in position
the motor.

Two different types of buoyant tracer particles have been used for the two-
dimensional visualization analyses in water – 1 µm and 20 µm diameter tracers.

Figure 4.4: The water tank illuminated by the planar laser beam sheet and the
construction holding the system (cylinder and electric motor).
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4.4 Optical Cryostat and Seeding System

A custom-made low-loss cryostat equipped with five sets of 25 mm diameter
windows enabling horizontal as well as vertical optical access was designed and
manufactured, see Figure 4.5. The inner windows are made of sapphire to min-
imize the heat input into the helium bath. A photograph of the whole optical
cryostat is in Figure 4.6.

A seeding system with a fast computer-controlled valve to supply the helium
bath with the desired amount of hydrogen and deuterium micron-sized solid trac-
ers has been also designed and manufactured and is part of the low-temperature
experimental setup (Figure 4.7).

Figure 4.5: left: Scheme of the optical cryostat (not to scale, dimensions in mm);
right: Optical tail of the liquid helium cryostat.

4.5 Software and Data Processing

Movies taken by the camera, whether it was a low-temperature experiment or
a room-temperature experiment, were acquired and partly processed by the Dy-
namic Studio software.

The room-temperature experiments were mainly analyzed by PIV technique.
There were four steps in the data processing. The first step was Adaptive correla-
tion. This analysis method calculates the velocity vectors from the interrogation
areas as described in Chapter 3. The size of the used interrogation area was most
of the times 64 x 64 pixels and a 75 % overlap in the horizontal and vertical direc-
tion was employed. After this partial analysis, the vector were obtained but due
to a number of incorrect vectors, further processing was required. The second step
was Peak Validation which validated the height of the peaks from the Adaptive
correlation in terms of comparison of peak height ratios. Another step was Range
validation based on velocity ranges manually given. The Moving average valida-
tion followed. The later compares each vector with the average of other vectors
in a defined neighborhood. Vectors that differed significantly in comparison with
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Figure 4.6: Optical cryostat.

other vectors around are replaced by the average of the neighbors. The final step
was Vector statistics that calculated the mean velocity vector, the standard devi-
ation of the mean and the correlation coefficient for each position. Results shown
in the next chapter were calculated from these initial vector maps. Comparison
of the vector map after the Adaptive correlation and Vector statistics is shown
in Figure 4.8. To prevent the influence of reflections from the cylinder surface
(see Figure 4.9), technique called Vector masking was used after Vector statistics
for the experiments with the cylinder. A mask corresponding to the cylinder size
with small overlap was created and applied on the related area which was then
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Figure 4.7: Seeding system.

omitted from the data processing.
Low-temperature experiments as well as some room-temperature experiments

were analyzed by a PTV method called Feature Tracking. The tracer particle
found on a frame is tracked in following images. The program can save the
records from the entire movie into a data file where the information about the
length of each track and x and y-position of the tracer can be found. The next
step in the analysis was done by a purpose-made MATLAB code. This procedure
distinguishes single tracks and calculates particle velocity for each track from
frame-to-frame as well as track lengths. There were two options in the code. Both
of them calculated probability distribution function (PDF) for particle velocities.
The first one did the PDF and then fit the distribution by Gaussian function.
The second one divided velocities into three intervals according to the tracks
lengths. The average velocities for each track were calculated by the program as
well. These values were used for the estimation of the measured normal velocity
and superfluid velocity components.

Graphs of the PDF were created in MATLAB and other graphs were proceed-
ed using Origin software package.

Results and a deeper discussion can be found in Chapter 5.
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Figure 4.8: top: Vector map of flow past cylinder after Adaptive correlation;
bottom: the same situation after Vector statistics.

Figure 4.9: Initial frame from the experiment with oscillating cylinder. The
surface of the cylinder reflects the laser radiation despite of the fact the surface
was black-painted. There is a shielded area behind the cylinder.
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5. Experiments and results

5.1 Room Temperature Experiments

The main goal of the room-temperature experiments was to test the apparatus
suitability for the much more demanding low-temperature experiments. The first
applied experiment was a jet flow created by a small pump and was published
with other experiments [28]. This experiment mainly prove the features of the
fast camera because the Reynolds number for this experiment was approximately
18 000 with a jet diameter of 12 mm.

There are two corresponding figures. Figure 5.1 shows the velocity vectors’
length field for the jet where the mean velocity is around 1,5 m/s. Figure 5.2
is the plot of the mean vorticity field where it can be seen (from the negative
vorticity values) that the jet was slightly bent.

Figure 5.1: Velocity vectors’length field. The legend shows values of the velocity
in m/s.

Another experiment concerned the flow past stationary cylinder.
A typical mean vorticity field (100 images were taken at the maximum frame

rate, micron-sized buoyant particles were used) is plotted in Figure 5.3. The
cylinder was placed at the left of the field of view and the water jet directed
horizontally from the left to the right and slightly bent downwards. The Reynolds
number in this case was equal to ca. 1000, the cylinder diameter being 5 mm and
the jet mean velocity about 0,2 m/s.

The same flow was also analyzed by using the PTV technique Feature Track-
ing. Several flow structures, i.e., particles trajectories, have been found and a
typical outcome is shown in Figure 5.4. Three colors are used to distinguish dif-
ferent track lengths: red color is for tracks with the length of number of points
between 6 and 25, green color for those which has 26 to 50 points in their track
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Figure 5.2: Vorticity field. The legend shows values of the vorticity in 1/s. Nega-
tive values signify clockwise vortices and positive values counterclockwise vortices.

Figure 5.3: Mean vorticity field for the flow past a 5 mm diameter cylinder (Re
≈ 1000). The legend shows values of the vorticity in 1/s. Negative values signify
clockwise vortices and positive values counterclockwise vortices.

and blue color for particles with more than 50 points in their track. It can be
seen that the recirculation area behind the cylinder is well captured by both
techniques.

As reported to some extent in [29], there is currently a lively discussion in the
low temperature community regarding the suitability of the PIV technique for
cryogenic flows analysis. The possibility of using both PIV and PTV to study

33



Figure 5.4: Flow past cylinder by PTV technique.

Figure 5.5: Vorticity of the oscillating cylinder, v = 1 mm/s, Re = 8. The legend
shows values of the vorticity in 1/s.

the same flow field, as shown above for the flow past a cylinder, would then
provide a clear comparison and a direct mean in addressing this issue. This was
indeed the main motivation behind the choice of using both techniques to analyze
the same flow field and it has been shown that they can give results that are in
agreement, at least to a certain extent.

The last experiment was an oscillating cylinder led by computer-controlled
motor as it was described in the previous chapter.

Figures 5.5 to 5.9 show how instantaneous vorticity fields are influenced by the
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Figure 5.6: Vorticity of the oscillating cylinder, v = 6 mm/s, Re = 30. The
legend shows values of the vorticity in 1/s.

Figure 5.7: Vorticity of the oscillating cylinder, v = 13,5 mm/s, Re = 68. The
legend shows values of the vorticity in 1/s.

cylinder mean velocity (the Reynolds number Re, based on the cylinder diameter,
is also shown in the figures’ captions for the sake of clarity; negative values signify
clockwise vortices and positive values counterclockwise vortices). The images
were taken at the same moment of the oscillating cycle, when the cylinder left
the field of view moving upwards (the lowest position of the cycle was just above
the bottom of the field of view). The corresponding frame rate was varied between
100 and 1000 fps according to the cylinder velocity. The development of vortical
structures is clearly visible in these figures. The vorticity magnitude appears
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Figure 5.8: Vorticity of the oscillating cylinder, v = 30 mm/s, Re = 152. The
legend shows values of the vorticity in 1/s.

Figure 5.9: Vorticity of the oscillating cylinder, v = 56 mm/s, Re = 278. The
legend shows values of the vorticity in 1/s.

to be approximately a linear function of the oscillation frequency. Besides, a
transition between two regimes of vortex shedding can be detected. In Figures 5.5
and 5.6 two spatially symmetric regions of counter rotating vorticity are shown,
just behind the upward moving cylinder. For larger velocities, the vortices of
opposite sign were shed by the cylinder consecutively, resembling the well known
Von Kármán vortex street. It can be concluded that a flow instability might
have developed for velocities v of the order of 15 mm/s. Besides, it is worth
mentioning that the weak clockwise region of vorticity at the bottom left of some
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figures was shed at the end of the previous stroke, when the cylinder reached its
lowest position, and pushed away while the cylinder moved upwards.

As mentioned above, the main aim of these experiments in water was to prove
that the chosen visualization system is suited for the analysis of low-temperature
flows. In the case of the oscillating cylinder experiments the link is provided by
the analysis of the vortical structures observed around a cylinder in a cryogenic
flow [1]. It was shown that our apparatus can visualize similar vortical structures
in classical room-temperature flows.

5.2 Low Temperatures Experiments

Thermal counterflow is a low temperature flow studied in many laboratories over
the world. A number of interesting results have been published on this topic,
whether it was by using PIV [31] or PTV [32], [33].

The experiment discussed here is based on counterflow of the normal velocity
component and superfluid velocity component in a thermal gradient column which
has been described in Chapter 2.

Both velocities can be studied by the observation of injected particles motion
while these moving downwards trace the superfluid component motion if the
heater is at the bottom. The normal velocity component depends on the heat
flux according to formula 2.19. The superfluid velocity component can be defined
by equation 2.7.

Here results from thermal counterflow experiments in the temperature range
between 2,11 K and 2,15 K are considered. The applied heat flux ranges from
160 W/m2 to 900 W/m2. Hydrogen particles were seeded into the helium bath
closely above the lambda point and the transition to the superfluid phase was
achieved by a pressure decrement.

The experimental data were analyzed by PTV method and this process has
been described in Chapter 4. Examples of the particle tracks before and after
heating are in Figure 5.10 and Figure 5.11. The tracks are short and indistinct
and just few of them are quite long in the first figure while they significantly
become longer after heating when their velocity increases and they trace the flow
in approximately vertical direction.

Images of tracers motion in superfluid helium before and after heat flux was
applied were taken. The fundamental problem for the visualization of liquid
helium is the selection of suitable tracer particles. Liquid helium has a low density
which is approximately one eight of water density. Most solid materials have
significantly higher density then liquid helium. Solid particles that would be used
would have high settling velocity and the measurement would not bring reasonable
results. The element with lower density then the one of helium is hydrogen. Its
density is ca. 80 kg/m3 while helium density is ca. 145 kg/m3. The seeding
system was used for the creation of tracer particles. There is a photograph of the
injection of the particles into He I in Figure 5.12. The particles were seeded into
He I and not into He II because they tend to create big particles when seeded into
He II. The applied mixture was made of 1% of hydrogen and 99% of helium gases.
But there is another issue to deal with. Hydrogen particles have a density smaller
then the helium density. This means that the particles are not stationary when
the fluid is at rest but they rise. Measured velocity of the particles is higher than
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Figure 5.10: The particle tracks with no heat flux.

Figure 5.11: The particle tracks with with heat flux q = 658 W/m2.

the normal fluid velocity component. Therefore, the normal velocity component
was determined as a difference between the vertical component of the velocity
before and after the heater was on.

Another issue was to determine the right amount of the mixture to have
sufficient number of particles that can be visualized. The particles should be
also spherical and small to be carried away by flow. This required experimental
practice and several attempts. The mean particle size was estimated from the
free fall equality of the Stokes drag (1.20) buoyancy force defined as

38



Figure 5.12: Injection of the tracer particles into He I.

Fb = V ρg −mg, (5.1)

where V is the particle volume, ρ is the helium density, g is a gravitational
acceleration and m is the mass of the particle. The mean particle diameter
obtained by this calculation is R = 5, 9 ± 4, 4 µm, where the error is calculated
as the standard deviation due to the particle velocity.

Figures 5.13 - 5.18 show probability density functions of the vertical compo-
nent of the particles velocity when the heater was switched on for different tem-
peratures and heat fluxes. The distributions for different particle tracks lengths
in Figures 5.14, 5.16 and 5.18. The colors distinguish the velocity distribution
into three groups. The first group is characterized by the number of points for
each tracer between 6 and 25, the second has 26 to 50 points for each track and
the third more than 50 points. The tracks with the number of points less then
six were omitted. Figures 5.13, 5.15 and 5.17 show the Gaussian fit of the PDF
for tracks without the above-mentioned distinction. The heat flux was calculated
as a ratio of the applied power in Watts and the area of the channel cross-section
which is approximately 0,0026 m2.

From these figures, it can be illustrated how different temperatures and heat
fluxes can shift velocity distribution. Figure 5.15 and 5.16 show the lowest tem-
perature but the heat flux is higher in comparison with Figures 5.13 and 5.14
where the temperature is higher but heat flux is half of the previous value. The
velocity distribution in Figures 5.15 and 5.16 is clearly located on the right side
of the plot where positive particle velocities can be found. On the other hand,
the velocity distribution has its maximum close to zero in Figures 5.13 and 5.14.
There can be seen two peaks in Figure 5.18 and less clearly in Figure 5.17. In
other PDF figures there is just one peak and the other one suppressed because
there is not enough negative velocity values. For lower temperatures, this peak
is more significant [32].
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Figure 5.13: Red points: PDF for T = 2,12 K and q = 162 W/m2. Blue line:
Gaussian fit.

Figure 5.19 shows the dependence of the normal fluid velocity on heat flux.
These values are compared with the theoretical velocities calculated by the above-
mentioned process. There are also theoretical dependences for measured temper-
atures. Normal fluid velocities shown in the graph were calculated as a difference
between particle velocities with applied heat flux and velocities with zero heat
flux as said above. The vertical error bars are given by the half-width computed
from the Gaussian fits to each peak. Some of the symbols for 2,13 K lie signifi-
cantly below the theoretical dependence. One of the possibilities is that this can
be caused by the fact that particles are rotating, which can be clearly visible from
the taken movies which were taken. So part of the energy could be use for this.
Another option is that there were heavier particles (due to impurities) which fell
down after the injection and show themselves only when the heating was applied
as their driving force but their velocity was smaller then. The heavier particles
can appear for different reasons, e.g. there can be leaks in helium bath or the
particles can flock together and create big heavy structures.

Figures 5.20 and 5.21 are plots of the calculated vertical velocity components
against the theoretical values of the normal and superfluid velocity component.
Theoretical values were calculated from the values of heat flux and applied pres-
sure and temperature using the software XHePak which is a database of experi-
mental data, see [17]. This software provided values of entropy and density. The
vertical error bars are the same as those in Figure 5.19. The graph also show the
theoretical line where the measured velocities and the theoretical velocities are
equal. This is satisfied within the standard deviations in the graph in most cases.
There is one point that lies significantly lower below the theoretical dependence
then the others. The possible reason why it could be so was already mentioned
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Figure 5.14: PDF for particle velocity distribution for T = 2,12 K and q = 162
W/m2. Red points: particle velocities with the track length of 6 to 25 points;
blue points: particle velocities with the track length of 26 to 50 points; green
points: particle velocities with the track length of more than 50 points.

Figure 5.15: Red points: PDF for T = 2,12 K and q = 872 W/m2. Blue line:
Gaussian fit.
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Figure 5.16: PDF for particle velocity distribution for T = 2,12 K and q = 872
W/m2. Red points: particle velocities with the track length of 6 to 25 points;
blue points: particle velocities with the track length of 26 to 50 points; green
points: particle velocities with the track length of more than 50 points.

Figure 5.17: Red points: PDF for T = 2,13 K and q = 596 W/m2. Blue line:
Gaussian fit.
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Figure 5.18: PDF for particle velocity distribution for T = 2,13 K and q = 596
W/m2. Red points: particle velocities with the track length of 6 to 25 points;
blue points: particle velocities with the track length of 26 to 50 points; green
points: particle velocities with the track length of more than 50 points.

above - the particles were rotating so the part of energy could be used for the
rotation.

The theoretical superfluid velocity components were calculated by the equa-
tion 2.7. The ratio ρs/ρ was gained by the XHePak software again. According
to thermal counterflow theory, the assumption that all the measured negative
velocities are superfluid velocity components was made. This does not have to
be necessarily true because particles can settle due to the gravity in the case
that there are not just hydrogen particles due to the leaks. That also can be
the explanation for the point liying under the theoretical dependency vs = vst.
The vertical error bars were computed as standard deviations from the PDF for
negative velocity distributions. There is one point missing in the graph for the
superfluid velocity in comparison with the graph for the normal fluid velocity.
The experimental data were measured for temperatures near the lambda point.
This means that there is not sufficient amount of values for the superfluid velocity
component. There were only two values of negative velocity for the point which
was omitted, so this cannot be taken as a representative statistical sample. For
other points, there was ca. four times more values for the normal fluid velocity.
There were attempts to collect data below 2 K but there is a problem with the
number of particles for such low temperatures. Their number visible for the cam-
era decreases significantly and it is not as yet possible to get reasonable data. A
solution for this problem might be to alter the existing seeding procedure and it
will require more experimental experience with the apparatus.
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Figure 5.19: Plot of the dependence of the normal fluid velocity on applied heat
flux for different temperatures. Lines show theoretical dependences, empty points
are experimental data and filled points show theoretical values for the same con-
ditions as experimental data.

During the measurement, quantized vortices in He II were observed. There
are examples of them in Figure 5.22.

44



Figure 5.20: Plot of the measured normal velocity component values against
the calculated theoretical values for various temperatures. Solid line shows the
dependence vn = vnt.

Figure 5.21: Plot of the measured superfluid velocity component values against
the calculated theoretical values for various temperatures. Solid line shows the
dependence vs = vst.
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Figure 5.22: Quantized vortices in He II.
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Conclusions

The Joint Low Temperature Laboratory at the Charles University in Prague is
the first in Europe to employ flow visualization techniques to investigate liquid
helium flows. The main goal of this thesis is to convincingly demonstrate that
the apparatus is a right choice for the future investigation of helium flows at
low-temperatures.

Room-Temperature Experiments
To fulfill this need, two flow visualization methods are used - particle image

velocimetry (PIV) and particle tracking velocimetry (PTV). The flow visualiza-
tion apparatus designed to analyze cryogenic flows has been tested on classical
room-temperature flows: (i) the jet flow, (ii) the flow past a cylinder and (iii) the
flow due to an oscillating cylinder. Those test experiments show that the chosen
set-up is well suited for the task of analyzing the cryogenic flows in unprecedented
detail. In particular:

(1) The jet flow experiment proves that the camera is able to visualize very
high Reynolds number flows.

(2) Both the PIV and PTV methods display results that are favorably com-
parable to each other, as tested on the flow past a cylinder. The relevant results
are shown and compared by flow fields from both methods.

(3) The experiment with oscillating cylinder shows expected evolution of the
flow field, as visualized by the PIV method. These results will be used for com-
parison with cryogenic flows that are being devised.

Low-temperature Experiments
The preliminary set of thermal counterflow experiments has been undertaken

using He II as a working fluid, for various temperatures and heat fluxes:
(1) Results has been processed statistically and PDFs of particle velocities are

shown and discussed.
(2) The normal fluid velocity has been determined from the difference in the

particle velocity at the presence of input heat flux and without it. Dependence
of the normal fluid velocity on the applied heat flux for several temperatures has
been calculated.

(3) The comparisons of the normal fluid velocity component and the superfluid
velocity component on their theoretical values have been performed.

It was shown that the results, within their standard deviations, mostly agree
with expected theoretical dependencies and are in agreement with those pub-
lished [32, 33], serving as a proof that our visualization setup is fully capable of
investigation of quantum flows and quantum turbulence.

The room temperature results discussed in Chapter 5 were presented by the
author of this Diploma thesis at the 25th Symposium of Anemometry, Litice,
June 2011. The corresponding contributed paper, published in the Proceedings,
is attached as Appendix.
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List of Abbreviations

PIV - Particle Image Velocimetry

PTV - Particle Tracking Velocimetry

PDF - Probability Density Function
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